Abstract Tropical convection has been observed to contain three cloud modes, the middle of which is cumulus congestus clouds. Congestus clouds act to moisten the tropical atmosphere, may be mixed-phase, and on occasion surpass the freezing level inversion from where they may develop into deeper convection. This study investigates the impacts of enhanced aerosol concentrations on the growth of congestus clouds produced in idealized cloud-resolving model simulations run under a state of radiative convective equilibrium (RCE). High-resolution, long-duration simulations were completed using the Regional Atmospheric Modeling System (RAMS). Aerosol concentrations between 2 and 4 km above ground level were varied from clean to polluted conditions in order to represent the advection of Saharan dust over the Atlantic Ocean. The congestus populations within each aerosol simulation are statistically analyzed using 10 days of model output after the simulation reaches RCE. Results indicate that congestus in more polluted conditions produce greater amounts of cloud water and ice mass, enhanced updraft strengths, and an increase in the number of congestus cloud tops that extend above the freezing level. Enhanced vapor depositional growth on the populations of more numerous, smaller cloud droplets in the polluted conditions, and the subsequent increase in latent heat release in the warm phase regions of the cloud, is found to be important factors in convective invigoration of these cloud systems. Aerosol feedbacks associated with cold pools and condensate loading also influence the updraft strength and act in opposition to the warm phase invigoration processes.
Introduction
The importance of tropical convection in the global water and energy balance has long been recognized [Riehl and Malkus, 1958; Arakawa, 2004; Stephens, 2005] . In the last 15 years or so, the study of the distribution of tropical convection has highlighted the occurrence of tropical cumulus congestus clouds, the middle mode of the trimodal distribution [Johnson et al., 1999; Masunaga et al., 2005] . The cloud top heights of this tropical mode exist between those of the lower altitude trade wind cumuli and the higher-altitude deep convective clouds. Layers of increased static stability assist in the formation of the trimodal stratification [Posselt et al., 2008] . Particular interest exists in congestus as they are important in transporting sensible and latent heat throughout the middle troposphere and plays a fundamental role in the transition from shallow to deep convection [Johnson and Lin, 1997; Johnson et al., 1999; Kikuchi and Takayabu, 2004; Kuang and Bretherton, 2006; Mapes et al., 2006; Takayabu et al., 2010; Waite and Khouider, 2010] .
Using CloudSat and Moderate Resolution Imaging Spectroradiometer satellite data, Luo et al. [2009] found that 30% to 40% of congestus clouds are transient or still developing vertically due to buoyant forcing. The rest of the population was labeled terminal or negatively buoyant. Jensen and Del Genio [2006] observed that cumulus congestus clouds contribute to a significant portion of the western Pacific warm pool precipitation. This observation was supported by Haynes and Stephens [2007] using CloudSat satellite data, as well as by other previous studies [Houze and Cheng, 1977] . Understanding the factors that may control the development of cumulus congestus clouds is thus important to improving our understanding of tropical convection, as well as their representation in convective parameterization schemes [Kuang and Bretherton, 2006; Hohenegger and Stevens, 2013] .
Congestus clouds frequently detrain near cloud top reached in association with the freezing level stable layer, which is typically observed between 4 to 6 km above ground level (agl) in the tropics [Johnson et al., 1996; combined with longwave radiative cooling [Posselt et al., 2008] . Previous studies have observed and subsequently defined congestus as having cloud top heights from 3 to 9 km, but this may vary by region [Johnson et al., 1999; Jensen and Del Genio, 2006] . Several modeling and observational studies have shown the importance of the entrainment of dry air [Brown and Zhang, 1997; Redelsperger et al., 2002; Takemi et al., 2004] in addition to the magnitude of the weak stable layer in determining the depth of congestus.
A further factor potentially influencing the development of tropical convection, including congestus clouds, is the presence of increased aerosol concentrations. The first aerosol indirect effect [Twomey, 1974 [Twomey, , 1977 and the second aerosol indirect effect or cloud lifetime effect [Albrecht, 1989] suggest that for the same liquid water content, an increase in the number of ambient aerosols that are able to serve as cloud condensation nuclei (CCN) results in an increase in cloud droplet number concentrations and a decrease in the average cloud droplet size, thus producing an increase in the cloud albedo and increase in cloud lifetime. Recent work by Reutter et al. [2009] examined how an aerosol-limited or updraft-limited cloud can influence cloud droplet nucleation. Aerosol-limited clouds generate high amounts of supersaturation that cannot be used efficiently due to the lack of cloud-nucleating aerosol onto which to condense the excess water vapor. Updraft-limited clouds on the other hand produce low supersaturations and lack the excess water vapor necessary for growth of the aerosol particles present. Conditions between the two extrema are likely to occur.
The updrafts of convective storms appear to be impacted, either directly or indirectly, by the presence of aerosols. Such aerosol-impacted mechanisms include the following: (1) convective invigoration, (2) cold pools, and (3) condensate loading.
Convective Invigoration
While the aerosol indirect effects discussed above refer to the warm-phase characteristics of cloud droplets and warm rain, once cloud water is lofted above the freezing level it influences the production of ice. In more polluted conditions, an increase in the lofting of cloud water above the freezing level typically occurs as a result of the suppression of the conversion of cloud droplets to raindrops within the warm phase region and reduced precipitation of liquid water. This lofted cloud water is then available to freeze and release latent heat, thereby enhancing the cloud buoyancy and invigorating cloud updrafts [e.g., Rosenfeld, 1999 Rosenfeld, , 2000 Andreae et al., 2004; Khain et al., 2005 Khain et al., , 2008 van den Heever et al., 2006; van den Heever and Cotton, 2007; Rosenfeld et al., 2008; Lee et al., 2008; Wang et al., 2009; Seigel and van den Heever, 2012; Tao et al., 2012; Seigel et al., 2013; Storer and van den Heever, 2013] . Although the congestus transition to deep convection is not the focus of this study, a comparison of the relative roles of warm-phase processes compared to the mixed-phase processes in congestus clouds will be examined.
Cold Pools
Aerosol-induced changes to the cloud droplet size distribution influence the subsequent raindrop size distribution through the collision-coalescence process, thus controlling the evaporation of rain below cloud base. Aerosols have been shown observationally [Berg et al., 2008; May et al., 2011] and through modeling studies [Saleeby et al., 2010 [Saleeby et al., , 2015 Storer et al., 2010; Storer and van den Heever, 2013] to shift the raindrop size distribution to consist of fewer, but larger raindrops, which evaporate less readily in a bulk sense. Reduced evaporation below cloud base due to the presence of increased aerosol concentrations thus results in warmer cold pools. The impacts of aerosol in cold-pool initiated secondary convection in models have been examined [Khain et al., 2005; van den Heever and Cotton, 2007; Lee et al., 2008; Storer et al., 2010; Seigel and van den Heever, 2012; Seigel et al., 2013; Grant and van den Heever, 2015; Saleeby et al., 2015] .
Condensate Loading
The effects of convective invigoration within deep convective storms are also found to be dependent on the sensitive balance between the buoyancy produced through latent heating and the competing condensate loading effect. In warm phase clouds, Saleeby et al. [2015] found that condensate loading typically offsets the latent heating contribution to buoyancy by only 5% when averaged over many cloud lifetimes. Storer and van den Heever [2013] found that young, deep convective storm updrafts tend to be controlled predominantly by the release of latent heat, whereas the positive impacts of convective invigoration are more than offset by the negative impacts of aerosol-induced enhanced condensate loading in the mature and dissipating stages.
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Complex relationships thus exist between the microphysical and dynamical aspects of aerosol-cloud interactions and motivate this study of the influence of aerosols on cumulus congestus clouds. The research described here is an extension of the cloud resolving modeling study of tropical convection described in van den Heever et al. [2011] and Storer and van den Heever [2013] . There, the authors investigated the impacts of varying aerosol concentrations on convection produced in large-domain, high-resolution, long-duration simulations conducted under a state of radiative convective equilibrium (RCE). While modeling studies investigating the influence of variations in the environmental thermodynamic profile on congestus growth have been conducted [Redelsperger et al., 2002; Takemi et al., 2004] , few previous studies have specifically focused on aerosol influences on the microphysical properties of congestus with the possible exceptions of Li et al. [2013] and Wall et al. [2013] .
In order to understand the effects of aerosols on all three modes of tropical convection, van den Heever et al.
[2011] inserted a continuous layer of aerosols that can serve as CCN across the model domain, thus representing the advection of dust within the Saharan Air Layer across the Atlantic Ocean in a highly idealized sense. They found microphysical variations in response to the increased aerosol particle concentrations to be a function of the tropical cloud mode being considered. However, they did not conduct a detailed analysis of the reasons for such cloud type variations. Storer and van den Heever [2013] then focused specifically on the impacts of aerosols on deep convective processes.
The goal of the research outlined here is to evaluate the influence of varying aerosol concentrations on the congestus cloud mode within trimodal convection. The large sample of tropical cumulus congestus clouds observed in these RCE simulations allows for a comprehensive and statistically robust study of the microphysical and dynamical responses of these cloud systems to aerosols, and the interactions between these processes. However, the large sample size also makes the tracking of individual storms and their associated processes cumbersome, and hence, impacts as a function of life cycle or individual clouds will not be presented here. Instead, a statistical assessment of aerosol impacts on the congestus population as a whole is conducted. It is found in these simulations that congestus clouds extend above the freezing level more frequently in the more polluted cases. Thus, the focus of this study will be on those aerosol-induced processes that result in the extension of congestus clouds above the freezing level. The relative roles of (1) convective invigoration, (2) cold pool dynamics, and (3) condensate loading will be assessed.
Methods
Model Description
The experiment conducted here is a continuation of the work presented in van den Heever et al. [2011] and Storer and van den Heever [2013] . The high-resolution cloud-resolving model employed is the Regional Atmospheric Modeling System (RAMS) [Cotton et al., 2003] . RAMS is a nonhydrostatic cloud-resolving model (CRM) with advanced microphysics and aerosol schemes [Walko et al., 1995; Meyers et al., 1997; Saleeby and Cotton, 2004; Saleeby and van den Heever, 2013] . The RAMS microphysical scheme is a two-moment, binemulating bulk scheme that predicts hydrometeor mixing ratio and number concentration for cloud water, rainwater, and five species of ice (pristine ice, snow, aggregates, graupel, and hail). Each is represented by a generalized gamma distribution function. CCN activation is achieved through the use of look-up tables created offline using a parcel model with bin microphysics that considers the saturation ratio, temperature, air and droplet solution density, liquid water content, and air pressure [Heymsfield and Sabin, 1989; Feingold and Heymsfield, 1992] . Further details on the aerosol parameterization scheme can be found in Saleeby and Cotton [2004] and Saleeby and van den Heever [2013] .
Model Configuration
The model setup is identical to that used in Storer and van den Heever [2013] . While several changes were made to the domain configuration described in van den Heever et al. [2011] , all of the other model options, as well as the experiment design and approach were the same. The previous study used a two-dimensional grid of 10,000 points at 1 km grid spacing in the zonal direction and 38 vertically stretched points. A twodimensional grid setup was chosen because of the computational expense of utilizing such a large domain and the long temporal duration necessary to achieve RCE. As discussed in van den Heever et al. [2011] and other previous studies [Tompkins, 2000; Stephens et al., 2008] while the use of two dimensions is expected to influence the broad scales on which the simulated convection organizes, these simulations still capture
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many of the fundamental characteristics of tropical convection including the trimodal distribution and the evolution of its middle congestus mode to deep convection and hence much can be learned from them. The model setup used here includes 65 vertically stretched levels reaching~25 km, which provides greater model resolution of the vertical transport and exchange than in van den Heever et al. [2011] . For example, there are 12 levels between the surface and 1 km agl, and the vertical grid spacing near the freezing level is less than 300 m. Horizontal resolution remains at 1 km grid spacing but includes only 7200 points due to computational limitations. Periodic boundary conditions are applied at the lateral boundaries, along with a rigid upper boundary with four Rayleigh absorbing layers to prevent gravity waves from reflecting into the domain and amplifying. A fixed sea surface temperature of 300 K is used. Coriolis force is turned off, and the diurnal cycle has been removed.
The simulations were initialized with a 00:00 UTC 5 December 1992 sounding from the Tropical Ocean-Global Atmosphere Coupled Ocean-Atmosphere Response Experiment [Webster and Lukas, 1992] , and convection was initiated using randomized perturbations to the low-level potential temperature field. The equilibrated thermodynamic and dynamic structure of the simulated atmosphere evolves from this model setup and includes the development of local-and large-scale circulations. No large-scale forcing is necessary or applied. Radiative convective equilibrium was achieved after~60 simulation days, similar to that in van den Heever et al. [2011] , and it was evaluated using the same set of metrics as in that study. As described below, aerosols are added to the model after RCE is reached, and do not significantly alter the state of equilibrium. Additional relevant model options can be found in Table 1 of van den Heever et al. [2011] .
Experiment Design
As in van den Heever et al. [2011] and Storer and van den Heever [2013] , aerosol particles that can serve as CCN were inserted in the model between 2 and 4 km agl after RCE was achieved. The aerosol concentrations within the layer were reset each time step, thus representing a constant aerosol source within this layer, similar to what would be observed in a scenario in which dust is continuously advected over a large tropical ocean. The simulations were then allowed to run for an additional 10 days. Even though aerosols are only introduced between 2 and 4 km, they can be advected and diffused throughout the model domain, and hence are found in varying concentrations in the boundary layer, as well as throughout the troposphere. Aerosol activation and nucleation serve as an aerosol sink. The sensitivity tests consist of varying the concentrations of aerosol available to serve as CCN in the 2-4 km agl layer from clean (100 cm À3 ) to polluted concentrations (200, 400, 800, and 1600 cm À3 ) and are similar to other previous studies [e.g., Xue and Feingold, 2006] .
From this point forward, the aerosol sensitivity simulations will be referred to as CCN-100 (100 cm ), and CCN-1600 (1600 cm À3 ). Apart from the number of particles available to serve as CCN, the sensitivity setups are otherwise identical. A 60 km sample of the domain containing a convective region from the CCN-100 simulation is shown in Figure 1 . This figure demonstrates characteristics similar to previous modeling and observational studies of tropical convection, including a realistic depth of tropical clouds and a trimodal convective cloud distribution [Johnson et al., 1999] . Two examples of a congestus cloud are shown in Figure 1 with the labels "A" and "B." 
Cumulus Congestus Cloud Selection
Congestus clouds were identified from other forms of convection evident in the simulations based on the following criteria: (1) a continuous cloud column of grid points where the total condensate was greater than 0.01 g kg À1 , (2) the cloud base was below 2 km agl, and (3) the cloud top was between 4 and 7 km agl with at least two cloud free vertical grid layers above cloud top (approximately 700-900 m depending on cloud top altitude). The cloud base height requirement was chosen in association with the location of the trade wind inversion at approximately 2 km agl. A maximum cloud top height of 7 km agl was required in order to separate cumulus congestus from the deeper convective mode developing in these simulations. These thresholds were based on observations of congestus from previous studies [Johnson et al., 1999; Jensen and Del Genio, 2006; Haynes and Stephens, 2007] , as well as with what was observed in the model output (Figure 1 ).
Ten simulation days of data were analyzed at 5 min intervals, thus providing a large sample of congestus clouds from which to construct appropriate statistics. Using the congestus definition described above, up to 350,000 congestus cloud columns were identified over this time period in each simulation. The freezing level is located near 4.5 km agl in these simulations, and hence, the cumulus congestus cloud tops considered here could be above or below the freezing level, as is commonly observed in the tropics.
It is important to note that this study does not distinguish between terminal and transient congestus clouds [Luo et al., 2009] , but rather focuses on their microphysical and dynamical characteristics, and the changes induced by varying aerosol concentrations when these cloud tops occur between 4 and 7 km agl. The congestus analyzed here may or may not ultimately continue to grow to deep convection. The very large sample used here allows for a statistically robust investigation of the impacts of aerosols on the mean state of congestus clouds captured in these RCE simulations. Stratification of the aerosol impacts on congestus by environmental characteristics (e.g., vertical wind shear and convective available potential energy) and cloud lifecycle is beyond the scope of this paper but is currently being investigated and will be reported elsewhere.
Results
Cumulus Congestus Cloud Frequency
Figure 2 is a vertical distribution of the 10 day cumulus congestus cloud top frequency (accumulated from 5 min simulation output) as a function of aerosol concentration. This plot was generated by sampling downward from the top of the atmosphere and summing over time the number of cloud tops at each altitude of the congestus cloud columns as identified following the three criteria listed above. The greatest differences are evident between the cleaner cases (CCN-100 and CCN-200) and the more polluted cases (CCN-800 and CCN-1600). Although the increase in cloud top counts is not monotonic, the general trend is one of increasing cloud top frequency with enhanced aerosol concentration. Increasing aerosol concentrations from 100 to 1600 cm À3 results in more than double the number of congestus extending to above the freezing level. In addition to increasing the number of congestus, an increased fraction (approximately 5-15%) of congestus clouds are reaching above the freezing level (Table 1 ) with increased pollution. Enhanced occurrence of congestus clouds above the freezing level appears due to aerosol and the aerosol-cloud interaction causing this increased cloud top frequency will be investigated here.
A corresponding increase in the magnitude of the greatest updraft velocities and the frequency of occurrence at higher altitudes occurs in the more polluted congestus clouds (Figure 3) . Figure 3 is a normalized Figure 2 . Vertical distribution of cumulus congestus cloud top frequency as a function of aerosol concentration (accumulated from 5 min simulation output over 10 simulation days). Cloud tops were identified by searching from the top of the atmosphere down until a congestus cloud top was found using the congestus criteria. The freezing level is indicated (black dotted line). Figure 3c is the difference between the normalized frequencies displayed in Figures 3a and 3b . The normalized frequency in Figures 3a and 3b was calculated by counting the number of occurrences of the range of updraft speeds in each bin at a particular altitude divided by the total number of counts in all updraft speed bins at all altitudes and expressed as a percent. Polluted congestus clouds are found to reach greater maximum updraft speeds and have a shift in the frequency of updrafts to higher altitudes corresponding to deeper cumulus congestus clouds (Figures 2 and 3c) .
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The increased frequency of congestus clouds above the freezing level in the more polluted cases suggests that various microphysical and/or dynamical changes are occurring as a result of the presence of increased aerosol concentrations. The deeper congestus clouds combined with invigorated updraft speeds have important implications for the development of congestus into deeper convection. The development of deep convection from congestus is beyond this study and we will now focus on those processes that can result in higher congestus cloud tops above the freezing level in more polluted regions. Figure 4 shows the vertical profiles of the temporally and spatially averaged total liquid water and total ice water mixing ratios (g kg À1 ) where updraft velocities are greater than 1 m s À1 . This updraft threshold was chosen in order to investigate the microphysical characteristics within the core updraft regions of the congestus clouds systems. It is evident from this figure that the total condensate values are dominated by the liquid water contributions (Figure 4a ), which are at least an order of magnitude greater than the average ice mixing ratios (Figure 4b ). This indicates that there is relatively little ice mass compared with that of cloud water and rain, even above the freezing level. This is in keeping with the observational studies of Johnson et al. [1999] The contribution of cloud water to the total liquid water mixing ratio tends to be larger than that of rain, except in the lowest levels (Figures 5a and 5d) . Figures  5 and 6 are constructed similar to Figure  4 except for the different cloud properties and processes. Cloud water mass is greater in the more polluted scenarios, while the opposite trend is evident for the rainwater. The cloud droplet number concentration is approximately 10 times larger in the most polluted case (CCN-1600) compared to the cleanest case (CCN-100) (Figure 5b ), while the average cloud droplet diameters are approximately twice as large in the clean case than in the polluted environments (Figure 5c ). Relatively small ice mass occurs in these congestus clouds, but riming and melting do contribute to the trends in the vertical profiles of condensate mass found in Figure 5 . Riming of cloud water (Figure 6a ) results in the decrease in cloud water content and cloud droplet number concentration evident near the freezing level in Figures 5a and 5b , while the melting of ice (Figure 6b ) contributes to the rain mass from approximately 2-4 km agl (Figure 5d ). An increase in cloud droplet number concentration above 5 km agl is prominent in the more polluted simulations (Figure 5b) , and it is likely due to lofting of cloud droplets from higher updraft speeds (Figure 3 ) and delayed conversion to precipitation. Only the cleanest and most polluted simulations are shown in Figure 6 for the sake of simplicity.
Warm Phase Microphysics and Invigoration
The response of the rain mass to aerosol loading dominates the total liquid water signal below 1 km agl, producing the weak decreasing trend with enhanced aerosol concentrations in the total liquid water evident in Figure 4a . This result is in keeping with aerosol indirect theory for the warm phase, in that higher concentrations of smaller cloud droplets in the more polluted conditions (Figures 5b and 5c ) suppress the collision-coalescence process. Suppression of collision and coalescence results in the reduction in the number concentration of raindrops ( Figure 5e) ; however, the greater abundance of cloud water available for accretion once raindrops do form produces drops that are on average larger in size (Figure 5f ). Toward the surface, the average raindrop size was found to increase with proximity to the surface while their number concentration decreased. This trend is due to the full evaporation of smaller drops before larger drops, thus resulting in larger mean raindrop diameters. This change in the raindrop number concentration and size with increased aerosol concentrations has been found in previous modeling studies [Berg et al., 2008; Saleeby et al., 2010; Storer et al., 2010; Storer and van den Heever, 2013] and observational studies [May et al., 2011] .
The thermodynamic response to the increased aerosol concentration is examined through an analysis of the latent heating budget in association with the predominant microphysical processes. Aerosol-induced changes to the latent heating rates and structure will have an influence on the cloud buoyancy, and hence on the updraft vertical velocities. Processes that contribute to the liquid water mass, and hence changes in the latent heating, include the nucleation of cloud droplets and the growth (demise) by vapor deposition (evaporation) of both cloud droplets and raindrops. Similarly for the ice mass, the nucleation and vapor depositional growth (evaporation) of ice particles and freezing during riming are included. The cleanest and most polluted simulations are again examined here for the sake of simplicity.
The latent heating in association with both liquid water and ice processes increases due to the presence of increased aerosol concentration (Figure 7) . Greater aerosol concentration leads to increased cloud droplet number concentration and, thus, cloud droplet surface area. This results in an increased amount of vapor deposition onto cloud droplets, an increase in the conversion from water vapor to liquid, and hence, an increase in the release of latent heat. The enhanced aerosol concentrations are therefore able to more effectively utilize the excess supersaturation generated within the updraft. The comparison of clean and polluted congestus clouds here is similar to the examination of the degree of aerosol limitation described by Reutter et al. [2009] . 
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The latent heating from warm phase processes (Figure 7a ) is found to be much greater than that released in association with the ice phase processes (Figure 7b ). While the ice processes do release latent heat, the relatively small mass of ice produced within these congestus clouds results in relatively minor ice phase contributions to the total in-cloud latent heating. It is apparent from Figure 7 that the warm phase processes, in particular those associated with vapor deposition onto clouds droplets (not shown), dominate the trends in latent heating within the congestus mode.
Warm phase invigoration occurs near and below the freezing level and decreases in magnitude with increasing altitude above the freezing level. Latent heat release in association with the vapor deposition onto ice and freezing during riming begin to become important above the freezing level, but as stated above, their contributions are small compared with that released due to warm phase processes, even above the freezing level. It is important to remember that only congestus clouds are being sampled in this analysis and that this precludes those congestus developing into deep convection from the analysis. While the congestus sampled 
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here may or may not glaciate and develop into deep convective storms, it is the role of the warm phase invigoration that is emphasized here. Through warm phase invigoration a greater number of congestus clouds with stronger updrafts extend to higher altitudes above the freezing level in the more polluted scenarios. Furthermore, the lifting of more numerous cloud droplets above the freezing level in the polluted cases does enhance the ice phase processes, which could potentially assist with the glaciation and development of these congestus clouds into deep convection. The aerosol-induced warm phase invigoration therefore appears to assist in increasing the availability of congestus above the freezing level for further convective development.
Cold Pool Dynamics
Several dynamical feedback on the updraft strengths of convective clouds have been suggested in previous studies, including aerosol-induced changes to cold pools [Berg et al., 2008; Storer et al., 2010; May et al., 2011; Seigel and van den Heever, 2012; Seigel et al., 2013; Storer and van den Heever, 2013; Saleeby et al., 2015] . As shown above, there are fewer raindrops that are larger in size in the more polluted scenarios. Therefore, bulk evaporation rates of the entire raindrop population will be reduced in the more polluted conditions due to the smaller surface area to volume ratio. Thus, polluted congestus are likely to be associated with warmer, and thus weaker cold pools. Similar results were found in association with the deep convective mode in these simulations [Storer and van den Heever, 2013] . Given the extremely large database of congestus clouds being considered here, it is difficult to track the cold pool of each congestus clouds individually. However, comparing the temporally and spatially averaged low-level virtual potential temperature perturbation (calculated as the difference between below cloud base and the average clear air region of the domain) for each congestus column, it is evident that the reduced low-level evaporation rates of rain below polluted congestus result in warmer subcloud base temperatures (Figure 8a ). It would therefore seem that the weaker, warmer cold pools in the more polluted scenarios are not going to assist in supporting the stronger updrafts and higher cloud tops observed in these cases.
Condensate Loading
It has been shown above that increased congestus cloud tops and updraft invigoration is occurring in these simulations in association with increased aerosol concentrations. Storer and van den Heever [2013] found that in the mature to dissipating stages of the polluted deep convective mode that the negative impacts of aerosol-enhanced condensate loading offset the aerosol-induced latent heating and positive buoyant forcing. Both the magnitude of the buoyancy g θv Àθo θo h i and the condensate loading [gr condensate ] in these congestus clouds increases in the more polluted simulations (Figures 8b and 8c, respectively) . However, the buoyancy term (Figure 8b ) is an order of magnitude larger than the increase in condensate loading occurring in the polluted congestus below the freezing level (Figure 8c) . Negative values in the buoyancy profile are due to melting ( Figure 6b ) and evaporation ( Figure 7a ) near cloud top. It is apparent from Figure  8 that the increase in condensate loading due to an increase in aerosol is therefore less important in this sample of congestus clouds when compared to the mature deep convection within these simulations [Storer and van den Heever, 2013] . Similar results were shown recently for shallow cumulus clouds [Saleeby et al., 2015] . Therefore, while aerosol impacts on the updrafts of deep convective storms may be positive or negative depending on the stage in the storm lifecycle, aerosol impacts on the updrafts of congestus appear to be predominantly positive.
Discussion and Conclusions
This study has investigated the impacts of varying aerosol concentrations on cumulus congestus clouds using high-resolution, long-duration, large-domain RCE simulations. These simulations produced realistic tropical convective systems, with cumulus congestus making up the middle mode of the trimodal tropical cloud distribution. Aerosol-induced microphysical, dynamical, and thermodynamical responses of an extensive sample (up to 350,000 profiles) of congestus clouds have been statistically analyzed.
These simulations demonstrate that the presence of cloud nucleating aerosol enhance the release of latent heat due to warm, liquid phase processes, including cloud droplet nucleation and subsequent vapor depositional growth. In more polluted conditions, this increase is due to the presence of a greater number of smaller clouds droplets and the coincident increase in the total cloud droplet surface area. Increased surface area for vapor deposition hence allows for the more effective utilization of supersaturation generated within the updraft. Even though the ice contents are greater in the more polluted congestus clouds examined here, the actual mass of ice produced is very small in comparison to the liquid water mass. Thus, the contributions of the latent heating to the updraft invigoration in association with ice processes are limited for the congestus population considered here. The aerosol-induced convective invigoration of the updrafts of these congestus clouds therefore occurs primarily in association with the warm phase as opposed to the ice phase. It should be noted that the congestus clouds sampled here have not as yet developed to become deep convection. Should these congestus continue to develop into deep convective towers, it is expected that the ice phase would subsequently play a much more significant role. The important point is that enhanced aerosol concentrations impact congestus clouds through warm phase invigoration, which results in more congestus clouds extending beyond the freezing level more frequently, from where they may remain terminal or alternatively develop into deeper convective systems.
While the warm phase invigoration process appears to be important in enhancing the thermal buoyancy of polluted congestus clouds, previous studies of other cloud types have found that other aerosol-impacted processes, including cold pool lifting and condensate loading [Storer and van den Heever, 2013; Saleeby et al., 2015; and others] , may also impact the strengths of the polluted updrafts. Both cold pool lifting and condensate loading were examined as a function of aerosol loading. Neither of these processes appears to significantly contribute to the increase in congestus cloud top or updraft invigoration.
Finally, as stated above, cumulus congestus are found to occur far more frequently above the freezing level under more polluted conditions. Previous observational studies were inconclusive on the magnitude of this effect due to observational limitations [Wall et al., 2013] . A study of the deep convective mode in the same suite of RCE simulations also found increased frequencies of deep convective storms [Storer and van den Heever, 2013] . This may be in part due to the enhanced increased frequency of congestus clouds extending Journal of Geophysical Research: Atmospheres
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to above the freezing level in the polluted regimes. Aerosol particles may therefore play a potentially important role in the transition of congestus to deep convection by exposing them to mixed phase conditions, additional latent heat release in association with the ice phase, and hence ultimately glaciation. In order to fully unravel the increased frequency of congestus cloud tops above the freezing level in the more polluted cases, the impacts of aerosol-induced microphysical and dynamical processes as a function of congestus life cycle also needs to be examined, as aerosol-driven differences in convective initiation through latent heating may ultimately provide different dynamical and buoyant feedback pathways. These pathways may also be influenced by local environmental characteristics such as vertical wind shear and relative humidity. The impacts of cloud life cycle and the local thermodynamic and dynamical environment on this aerosol response an ongoing area of research by the authors.
In summary, the research presented here has shown that the presence of aerosols may have a significant impact on the growth and properties of cumulus congestus clouds. This impact appears to occur primarily through warm-phase invigoration processes, which lead to stronger updrafts. The presence of enhanced aerosol concentrations results in an increased number of congestus extending above the freezing level inversion, thereby facilitating their potential development to deeper convection upon glaciation. Such a result has significant implications for the moistening of the troposphere, tropical precipitation, and the frequency of deep convection.
